Abstract: This note, using a three-dimensional model of river flow and sediment transport, examines the effect of the vertical resolution and the choice a nonequilibrium adaptation length L s in predicting flow and sediment transport around groins in China's Yongding River. The results show that a fine vertical grid and nonequilibrium sediment transport model provide good predictions, especially on the river bed profile with an obvious main channel and flood plain.
Introduction
The simulation of flow and sediment transport is an increasingly important task in river engineering. Accurate predictions are difficult because of the turbulent flow and the highly irregular and possibly time-varying geometry, and the sediment transport phenomena involved are also very complex ͑Wu et al. 2000͒ . Moreover, rigid structures such as groins or spur dikes are often used to protect river banks against erosion ͑Uijttewaal 2005͒, which poses additional computational challenges. Several investigators have presented three-dimensional ͑3D͒ calculations of river flows and sediment transport on a laboratory experimental scale ͑Nagata et al. Fang and Wang 2000; Jia et al. 2005; Olsen 2003͒ and under natural conditions ͑Shimizu et al. 1990; Jin et al. 2000; Ge et al. 2005; Fang and Rodi 2003͒ . The flow in alluvial rivers with bed-load transport plays an important role in river engineering works related to navigability and bank stability. The primary agent of bed-load transport is the fluid drag force exerted on bed grains, which is often modeled by a dependence of bed-load transport on the Shields stress associated with skin friction. 3D effects now become important, especially when there are bends that give rise to secondary or spiral flow. The bed shear stress affects bed-load transport in both the streamwise and transverse directions.
A review of bed deformation models for channel bends is given by Odgaard ͑1981͒. Most have assumed that the bed slope is determined by local parameters such as water depth, bed shear stress, bed curvature, and sediment properties, namely by the balance between the up-slope drag force induced by the spiral flow in a bend and the down-slope gravitational force, both acting simultaneously on the grains moving along the bed ͑Parker 1984; Ikeda 1981; Sekine and Parker 1992͒. In this note, laboratory scale measurements of Yongding River sediment transport downstream of Lugouqiao obtained by the Beijing Institute of Hydraulic Research ͑BIHR͒, are used to further calibrate and verify a 3D numerical simulation using the FAST3D model of the flow and total load transport. The effect of vertical grid resolution of a 3D model and a depth-averaged twodimensional model on predictions of river bed is studied. Moreover a comparison of the effects of assuming equilibrium and nonequilibrium bed-load transport is also made.
Mathematical Model for Flow and Sediment Transport
The Reynolds-averaged Navier-Stokes equations are used to calculate the steady incompressible turbulent flow. The governing equations are the continuity and momentum equations, the k and equations for modeling turbulence, in which the model parameters are given the standard values ͑Rodi 1993͒, while the distribution of suspended sediment concentration is determined from an advection-diffusion equation.
The mass balance equation for the bed-load layer is
where Ј = porosity of bed materials; z b = bed level above a fixed datum; q bs = ␣ bs q b and q bn = ␣ bn q b = components of bed-load transport q b in the curvilinear coordinates s-and n-direction; and ␣ bs and ␣ bn being direction cosines. The bed load is transported in the direction of both the bed shear stress and gravity so ␣ bs and ␣ bn are obtained from the flow calculation and local topography. Due to gravity, the bed slope 
Mass Balance Equations
The mass balance equation for river bed material involving suspended load and bed-load transport can be written as ͑Wu et al. 2000͒
where D b = deposition rate of suspended sediment at the bed and E b = rate of entrainment of bed material into suspension; L s = nonequilibrium adaptation length for bed-load transport, and q b ‫ء‬ = bed load transport under equilibrium conditions.
Selection of the Parameters
In Eq. ͑3͒, the net exchange of sediment material between bed and suspension is
where s is the suspended load settling velocity and c b is the actual sediment concentration at river bed. Following van Rijn ͑1987͒, the entainment rate is assumed equal to that under equilibrium condition namely E b = s c b ‫,ء‬ where c b ‫ء‬ is the equilibrium sediment concentration at river bed for specific level flow conditions. The formulae of van Rijn ͑1984͒ are generally used to determine c b ‫ء‬ above the bed and then to solve the suspended sediment convection-diffusion equation. The suspended sediment transport, however, involves fine and high sediment concentrations, and it is difficult to predict the sediment concentration close to the river bed due to the complex sediment exchange between the bed and the flow or the suspended load and the bed load, as in China's Yangtze and Yellow rivers. Instead of using single sediment analysis on the river bed to formulate the sediment concentration, the depth-averaged sediment concentration ͑called sediment-carrying capacity͒ based on in situ and laboratory experiment measurements is used, as in the formula of Zhang and Li C ‫ء‬ = K͑0.1+ 90 s / U͒U 3 / ͑gR s ͒ and
In the formula of Zhang and Li, C ‫ء‬ is the sediment-carrying capacity, U is the depthaveraged velocity, R is the hydraulic radius, K and m are model constants, equal to 0.265 and 0.92 respectively. In 3D calculations, if the concentration profile can be applied to the distribution of sediment-carrying capacity, then, the sediment-carrying capacity above the river bed can be expressed in terms of C ‫ء‬ by integrating the concentration profile ͑Zhang and Xie 1993͒ over the water depth,
where f͑͒ = vertical sediment concentration profile function similar to the Rouse formula, but the sediment concentration at water surface is not zero, =1− y / h, and a and h = relative positions respectively of the river bed and the surface. For the nonequilibrium bed-load transport functions, L s and q b ‫,ء‬ in Eq. ͑3͒, the formulae of van Rijn ͑1984͒ formulae are used, namely 
Boundary Conditions for Flow and Sediment Transport
For the upstream boundary, Dirichlet boundary conditions are applied to the variables; for the downstream boundary, Neumann boundary conditions are applied. At the free surface, the shear stress and all gradients are specified as zero, the pressure is set to be atmospheric, and the rate of dissipation of turbulent kinetic energy is calculated from Rodi ͑1993͒. The boundary condition for suspended sediment concentration is zero flux through the free surface ͑Wu et al. 2000͒. Natural river beds are usually rough with the roughness elements coming from sand on gravel grains or sand waves. In this study, the standard wall-function approach is used, and roughness height is determined by 3d 90 + 1.1⌬͑1 − e −25⌿ ͒, where ⌿ = ⌬ / , ⌬ and are respectively the height and length of sand waves as defined in the van Rijn model ͑van Rijn 1984; .
Calculation Example
The Yongding River located west of Beijing is one of China's high-flood-risk rivers. The river reach from Jingmenzha to Yanjiapu extends a total of 13 km. Its main channel is curved and not stable, and erosion and deposition frequently occur. The flood plain covers most of the region. The bed is 5-7 m higher than the adjacent land which is the type of so called hanging rivers in China. In order to protect the river bank and control the river flow path, a total of 24 groins ͑5 on the left bank, 19 on the right bank͒ have been built, including two long groins. The computational domain is shown in Fig. 1 , in which four observation cross sections are also indicated.
The simulation uses the 20-year flow and sediment discharges, corresponding respectively to a flow of 2 , 500 m 3 / s, with suspended sediment concentration of 2.5 kg/ m 3 . A boundary-fitted nonorthogonal grid with 20 points in the vertical, 50 points in the lateral, and 550 points in the stream-wise direction is used in the reference simulation. The appropriately defined grid with smallest spacing between adjacent node points of 10 meters in the lateral and 20 m in the stream-wise direction accounts for regions of high gradients and conforms to the geometry of 24 groins on the Yongding River's banks. Each short groin covers about 5-8 grid points and each long groin 20-30 grid points. The crest of the groins is not flooded in the model calculations. The time step for the flow calculation is 5 s and the time step for the sediment transport is 50 s. Fig. 2 displays the predicted surface velocity vectors. The groins strongly affect the flow field, as the main channel is constrained by the long groins. The main flow is basically close to the main channel, but the computed flow structure is very complex. Most of the erosion areas are protected by the short groins. Details of the velocity field between successive groins can be seen more clearly in Fig. 3 . Recirculating regions develop between successive short groins. The velocity field near the groins prevents erosion along the river bank, but the head of the groins may be easily eroded by the flow. Fig. 4 shows the concentration distributions of suspended load at the monitoring cross sections. The unit of the concentration is kg/ m 3 . The sediment concentration in the main channel is larger than in the flood plain.
Results of bed deformation from a laboratory experiment performed by BIHR were used to verify the above 3D model. Only experiment data are used to calibrate the model due to insufficient field measurements. The experiment used a horizontal length scale of 1:500 and a vertical length scale of 1:60, and the experiment domain is the same as the calculations. The main channel and flood plain were modeled. The 24 groins were also arranged along the river bank. The channel was filled at the beginning of the experiment with a 10 cm thick layer of sand. A bakelite powder of density 1 , 450 kg/ m 3 was used as the model sediment. On the base of the physical model similarity criterion ͑Zhang and Xie 1993͒, the scale of sediment diameter
= 0.504, where h , l and ͑ s −͒/ are geometry and density scale ratios. The model sand d 50 = 0.1 mm which in the natural river reach d 50 = 0.05 mm. The experiment results, involving geometry boundary, velocity, sediment concentration and bed deformation, are changed to field case based on model scale. The comparisons of river bed deformation between the experiment and calculations are shown in Figs. 5 and 6. Generally the calculations agreed well with the experiment. Most of river bed is eroded along the river with the largest scour two meters. Meanwhile, deposition happens just between the groins. There is also erosion at the head of the groins, which deflects the flows over them. It should be mentioned that error occurs between the experiment and field case due to model scale. However there are some limitations must be fulfilled in order to ensure that flow and sediment transport in prototype and model can be described exactly. The smaller the distorted scale is, the better the model results are. Generally the distorted scale should be less than 10 ͑Zhang and Xie 1993͒. In order to assess the influence of the model vertical resolution, the number of vertical grid points was varied respectively 20, 10, and 1 ͑namely plane 2D model͒. Fig. 5 shows the comparison of river bed deformation based on the different number of vertical cells. The results of the three schemes agree well with the experiment results expected across Section 1, which is close to the entrance of the experiment. The 3D calculation results with vertical 20 grid points agree better than the others due to the velocity at the river bed having significant impact on sediment transport. The 3D calculation with fine vertical grid can simulate more realistically velocity near the bed compared to the coarse vertical grid or the 2D model. Moreover, the primary agent of bed-load transport is the fluid drag force, reflected by the velocity near the bed, acting on bed grains. The flow in a river is essentially 3D, especially when there are bends that give rise to secondary flow or spiral motion. The velocity near the bed titles the bed-load transport in both streamwise and transverse directions. The typical bed profile can be seen in the Cross Sections 1 and 2. Comparing the calculation error among different vertical grids, the correlation coefficients for the 4 cross sections with vertical grids having 20, 10, and 1 points are 0.90, 0.90, and 0.87. The results show that, concerning on averaged error, the differences, certainly between the 20-point and 10-point cases, are insignificant, but fine grids cost much CPU time. Schemes with 20, 10, and 1 vertical grid points cost CPU time in terms of 8, 4, and 1 h respectively. The nonequilibrium adaptation length L s , which characterizes the distance for sediment to adjust from a nonequilibrium state to an equilibrium state, is a very important parameter in the present model. In numerical simulations of natural river, Phillips and Sutherland ͑1989͒ and Thuc ͑1991͒ defined L s as an average bedload jump length and chose L s = 100d 50 . van Rijn ͑1987͒ proposed Eq. ͑6͒ based on laboratory experiments. For the present calculations, L s determined from Eq. ͑6͒ was in the range of 0.0001-1.0 m, which was considerably smaller than the grid size ͑on average 0.041 and 0.165 m in streamwise and transverse direction respectively͒. In order to solve the above problem, very fine grid that the size of the grid is the same dimension as the L s can be used. However the smaller value L s induced that the calculation has no relationship with the boundary condition of bed-load input, and the bed-load transport is under equilibrium state. In practical onedimensional calculations, Rahuel et al. ͑1989͒ used L s as two times the grid size. In the current 3D research, L s = max͑3d 50 D ‫ء‬ 0.6 T 0.9 , ͱ ⌬x⌬y͒.
In order to study adaptation length L s and compare the equilibrium model to nonequilibrium sediment transport, both the equilibrium and nonequilibrium models were used to calculate the bed deformation. The results are shown in Fig. 6 where both models are found to simulate well the process of bed deformation on different cross sections, but the results of the nonequilibrium model more accurately replicate the laboratory measurements than those of the equilibrium model, especially on Cross Sections 1 and 2, with the bed profile of channel and flood plain. Wideranging erosion and deposition can easily occur, especially where the channel and flood plain come together, as shown in Cross Sections 1 and 2. As for the single channel river bed, the results derived from the nonequilibrium and equilibrium models are similar, as shown in Cross Sections 3 and 4. It apparently indicates that the choice of L s is not very sensitive for the calculated river bed deformation of all bed profile, but for the cross section with channel and flood plain, reasonable adoption of L s can give very promising predications on the river bed erosion and deposition in the natural river.
Conclusions
This note presents 3D flow and sediment transport calculations in China's Yongding River. For bed-load transport, the model of van Rijn' s with the nonequilibrium adaptation length L s is used, and in the natural river calculations it is formulated as L s = max͑3d 50 D ‫ء‬ 0.6 T 0.9 , ͱ ⌬x⌬y͒, which is also relationship with grid size. For suspended sediment transport, calculation of actual sedi- ment concentration at river bed determined by concentration profile over the water depth and depth-averaged sediment concentration, which uses the model of Zhang, is improved. By the calculations, the note furthermore analyzes the effect on the vertical resolution and nonequilibrium sediment transport model. For the vertical resolution, in general, the 3D calculations with a fine vertical grid capture better sediment transport results, but cost much CPU time. For the nonequilibrium sediment transport, the nonequilibrium model has more advantages in river reach simulation when there is an obvious main channel and flood plain. Such discussions contribute for people to understand the law of sediment transport in the natural river, and the model promises as a tool for modeling practical hydraulic engineering projects.
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Notation
The following symbols are used in this technical note:
C ‫ء‬ ϭ sediment-carrying capacity; c b ‫ء‬ ϭ equilibrium sediment concentration at z = ␦ b ; D b , E b ϭ downward and upward sediment fluxes; d 50 ϭ median diameter of bed load; g ϭ acceleration due to gravity; k s ϭ equivalent roughness height of river bed and bank; L s ϭ nonequilibrium adaptation length; q b , q b ‫ء‬ ϭ actual and equilibrium transport rates of bed load; q bs , q bn ϭ components of bed-load transport; 
